Electron transfer through organic monolayers directly bonded to a silicon surface has been investigated by using a current sensing atomic force microscope (CSAFM). The research system employs a platinum-coated CSAFM tip in point contact at a confined nanometer size with a set of alkyl monolayers of various chain lengths, which are covalently bonded directly to an n-type Si(111) by immersing a H-terminated silicon substrate in neat CH 2 dCH-(CH 2 ) n-3 CH 3 (n ) 12, 14, 16, and 18) under heating. The current flows were analyzed with a modified electron-tunneling model and showed strong force and chain length dependences. Increasing the applied force resulted in a negative shift of the current-voltage (I-V) curves. This observation was mainly explained by the amplified contact area and shortened tunneling distance. In addition, the I-V curves showed chain length dependence, from which the bias-dependent electron tunneling coefficient, , was analyzed.
Introduction
The attachment of organic monolayers to a silicon surface 1 provides a direct combination of molecular materials and rigid semiconductor, making it a promising key technique in future silicon-based nanotechnology such as the development of highly integrated chemical and biological sensors 2,3 and molecular electronic devices. [4] [5] [6] [7] [8] Systematic study on the electric properties of the organic monolayers on the semiconductor substrate should also extend our understanding of surface electrochemistry, semiconductor electrochemistry, and electron transfer through organic/inorganic heterojunctions.
It has been proved that both the electron-transfer mechanism and electron-transfer rate strongly depend on the nature of the interfaces between organic molecules and solid substrates. [9] [10] [11] [12] [13] Recently, some groups have proved that a chemical bond linking the organic molecule and electrode [9] [10] [11] offers reliable electric contact, which shows reproducible electric behavior that is very close to theoretical prediction. 11 Since Chidsey and co-workers 14, 15 demonstrated the formation of alkyl monolayers when H-terminated Si(111) surfaces reacted with alkenes, that is, the generation of a chemical bond between silicon atoms and an alkyl monolayer, many methods such as thermal, [15] [16] [17] [18] [19] photochemical, [20] [21] [22] and electrochemical 23, 24 reactions and using a reaction with a radical initiator 8, 15, 25, 26 have been developed to directly bond organic molecules to a H-terminated Si(111) surface via Si-C bonds. The electric properties of alkyl monolayers on silicon have been investigated utilizing silicon/ monolayer/electrolyte 8, 18, 21 and silicon/monolayer/mercury drop junctions, 27-29 but there is no general method to form the chemical bond between the organic molecule and a wide variety of metals. An alternative approach is to maintain physical contact between a metal tip and an organic monolayer with a constant stress. This can be achieved by using a conducting atomic force microscope, which can exert stress on the monolayers through a conducting tip and measure the electric properties in a nanosized region. [10] [11] [12] [13] 30, 31 The reliability of this type of electric contact has been proved by several groups using metal-monolayer-metal junctions. Frisbie et al. studied electron transfer through a series of alkanethiol monolayers on gold and obtained an attenuation factor, , of 1.45 per methylene. 32 In their recent study, they applied this approach to electron transfer through the physically touched alkyl bilayers and obtained a similar attenuation factor of 1.1 Å -1 . 12 Lindsay et al. studied the force and bias effects on the electron transfer for the same system but in a liquid and obtained values of 0.8 ( 0.2 per methylene over a (3 V range. 10 The contact resistance was also quantitatively characterized by Frisbie, showing 15-20 kΩ for a contact between an Au-coated conducting tip and an alkyl monolayer. 13 This value is much smaller than that of the alkyl monolayers themselves. 10, 12, 31, 32 The study of electric properties of alkyl monolayers formed on hydrogen-terminated Si(111) has a very important advantage over previous studies on electric properties of alkyl monolayers on SiOx/Si. 5, 9 While a well-structured alkyl monolayer can be formed on a silicon substrate with a very clear interface of Si-C bonds, the dimension and composition of the silicon oxide grown on silicon are difficult to control accurately.
Detailed studies on the formation kinetics and structure of alkyl monolayers on silicon by attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and sum frequency generation (SFG) spectroscopy have shown that the monolayer was not only in the all-trans conformation, that is, in a high conformational order, but also in an epitaxial arrangement with the Si(111) substrate, that is, in a high lateral order. 33, 34 Here, we studied the electric properties of alkyl monolayers of various chain lengths on a Si(111) surface using a current sensing atomic force microscope (CSAFM) as shown in Scheme 1. Alkyl monolayers with different chain lengths were formed directly on the H-terminated Si(111) surface, and a Pt-coated AFM tip was brought into point contact with the monolayers at a certain stress. The effects of chain length and force on the electric properties of the research system were investigated in detail.
Experimental Section
Preparation of Alkyl Monolayers on Silicon. An alkyl monolayer coated n-Si(111) was prepared according to the following procedure. Briefly, n-type Si(111) wafers (0.002-0.005 Ω cm, P-doped) were cleaned in 3:1 H 2 SO 4 (concentrated)/ H 2 O 2 (30%) at 90°C for 20 min, followed by copious rinsing with Milli-Q water. The surfaces were etched with 5% HF solution for 5 min and then reoxidized in 4:1:1 H 2 O/HCl (concentrated)/H 2 O 2 (30%) solution by boiling for 20 min. Finally, the oxidized silicon wafers were etched with semiconductor grade 40% aqueous deoxygenated NH 4 F for 10 min to obtain an atomically flat H-terminated Si(111) surface. The silicon sample was quickly dried by blowing super pure argon and was then transferred to a reaction vessel, which contained the desired alkene reagent. The alkenes were of the highest purity available from Wako Chemicals and were used immediately after opening a new sample bottle without additional treatment, except for the C16, which was distilled at low pressure before use. The reaction was carried out at 200°C for ca. 3 h. Previous study on the monolayer formation showed that well-ordered alkyl monolayers were formed within 2 h under the same conditions. 33, 34 After cooling, the modified silicon samples were sequentially rinsed with diethyl ether, ethanol, and dichloromethane and then kept in CH 2 Cl 2 .
Ellipsometric Measurements. Ellipsometry measurements were carried out with a SOPRA GESP-5 spectrometer using a 30 W Xe lamp as a light source. The incident angle was set at 75°. The Ψ and ∆ values were measured between 300 and 800 nm with a step of 10 nm. Simulations were carried out using the software provided by the manufacturer (SOPRA, WinElli) as follows. The complex dielectric function for the gold substrate, Au (ν), was determined using a bare gold substrate. The dielectric functions for the alkyl monolayers were postulated to have no imaginary parts. A three-layer model (bulk silicon, alkyl film, and air) was used to evaluate the alkyl layer thickness from the ellipsometric data. The thickness was finally obtained by averaging the data acquired at three positions for each sample using three samples for each alkyl monolayer. CSAFM Measurements. A CSAFM (Molecular Imaging) was used for both imaging and electric characterization. A Ptcoated Si 3 N 4 tip (MikroMasch; spring constant, 0.12 N/m; apex radius of curvature, <35 nm) was brought into contact with alkyl monolayers. Bias was applied to the substrate through an ohmic contact. Thus, the potential was given as the substrate potential with respect to the tip. To investigate the I-V behavior of the monolayers, we stopped the CSAFM tip at a certain position on a flat silicon terrace and then made a bias scan, typically with 1-5 V/s, and recorded the current response. To record the second I-V curve at a different position, the force was reduced as much as possible, and then the tip was moved to a new position at least 40 nm away, where a desired force load was applied and the bias scan was repeated. Twenty I-V curves were recorded for each force, and the currents were then averaged. All electric measurements were carried out in air and under ambient conditions (20 ( 2°C and 30-40% humidity).
Results and Discussion
General Features of Alkyl Monolayers on Si(111). Since the reaction time was 3 h in the present experiments, the silicon substrate was expected to be fully covered with highly ordered alkyl monolayers. This was demonstrated by ellipsometry measurements, showing the thickness (d n ) of 1.64 ( 0.03, 1.88 ( 0.03, 2.06 ( 0.05, and 2.32 ( 0.03 nm for C12, C14, C16, and C18 monolayers, respectively. No obvious difference was found among the thicknesses for different positions and different samples as long as the same alkene reagent was used, implying that the alkyl monolayer formed by this method was homogeneous.
The morphologies of a Si(111) surface before and after organic monolayer modification were observed in the normal AFM mode, showing atomically flat terraces separated by a step height of ca. 0.3 nm. Almost no pits or defects were observed. These features are very similar to those previously reported, although different methods were employed for the monolayer formation. 16 The interaction between the Pt-coated CSAFM tip and the substrates was estimated by the attractive force measured from the force curves. The force curve for the contact AFM mode describes the deflection signal as a function of the displacement of the piezo position in the approaching and withdrawing operations. The deflection signal is proportional to the tip bending. The attractive force (F) can be deduced by the deflection signal difference (∆D in volts) between the plateau and the bottom of the force curve according to F ) ∆D(K/S), where K is the spring constant of the tip (N/m) and S is the sensitivity (V/nm) obtained from the slope of the relation between the deflection signal and the displacement of the piezo after tip-sample contact. The averaged adhesive force (F 0 ) between the Pt-coated tip and the H-terminated silicon was 1.2 ( 0.3 nN, whereas the averaged attractive force between the Pt-coated tip and the C12 monolayer was 11.0 ( 1.9 nN. Because the force measurements for the H-terminated and the monolayer-modified Si(111) surfaces were carried out under the same conditions, the difference in the attractive force should be caused only by the differences in the nature of the sample surfaces.
Breakdown Behavior of Alkyl Monolayers on Si(111). When bias is applied between the tip and substrate, the alkyl monolayer is subject to a very large electric field. For example, when the distance between the tip and substrate is around 2 nm and the bias of -5 V is applied, the field is as high as 2.5 × 10 9 V/m. Therefore, breakdown of the alkyl monolayer is expected to occur when the bias becomes greater than a critical value. 12, 35, 36 Breakdown of the monolayers was indeed observed but only when the applied force was relatively small. Typical breakdown I-V curves for various chain lengths at a force less than 2 nN are given in Figure 1 , showing a sudden current jump from almost zero to over the measurement limit at a breakdown SCHEME 1. Schematic Diagram of the Present System a a A Pt-coated conducting AFM tip is brought into contact with alkyl monolayers of various chain lengths directly bonded to n-type Si(111).
voltage. When the bias was scanned back, a current hysteresis was observed as shown in the inset of Figure 1 for the C16 monolayer.
The breakdown voltage was found to be dependent on the monolayer thickness as
The dielectric strength, E, was determined to be 2.0 V/nm, the same as that reported for the alkyl monolayers on a gold substrate. 12 This result also proved that the alkyl monolayer fabricated on H-Si(111) is as closely packed and well ordered as those fabricated on a gold surface.
Chain Length Dependence of I-V Behavior. A more reliable physical contact is expected with a greater applied force, leading to well-behaved I-V curves for these junctions. A typical I-V curve of the C12 monolayer on silicon at 4.4 nN is shown in Figure 2 .
Different behaviors were observed at positive and negative substrate biases. While the I-V curve was stable even for dozens of bias scans as long as the bias was limited in the negative substrate bias region, it changed rapidly as soon as the bias was scanned in the positive substrate bias region. In the first positive bias scan, the current increased as it did in the negative bias region but the current decreased very rapidly and the first trace was no longer repeated at the second bias scan. Almost no current flowed for the third scan. Note that the I-V curve given in Figure 2 corresponds to the first positive bias scan. This behavior was observed even when the measurements were carried out in a chamber filled with inert gas and has been attributed to the oxidation of silicon in the presence of residual water and oxygen in the environment. 37,38 A similar phenomenon was also observed for H-terminated silicon. The only difference was that a much smaller substrate bias was required for the oxidation of H-terminated silicon, indicating that the alkyl monolayers passivate the silicon surface much more. 7 To avoid substrate oxidation, the I-V relation was measured only at negative substrate bias in this study.
The I-V curves obtained at negative bias showed no obvious bias scan speed dependence. In the present experiments, when the bias scan speed was varied from 0.05 to 100 V/s, only a slight change was observed in the I-V curves, indicating that electron transfer through the junctions was very fast.
Typical I-V curves for all samples at a constant force of 5.9 ( 0.3 nN are shown together in Figure 3a . An increase in chain length resulted in a negative shift of the I-V curves. Semilog plots of the I-V curves are given in Figure 3b , which shows linear relations between log(i) and V. These results indicate that the longer the alkyl chain, the thicker the barrier for the electron transfer. 39 In other words, a smaller current flows for a longer alkyl chain at a given bias. The chain length dependencies of log(i) at various biases are given in Figure 4a . The values of log(i) linearly decrease with increase in the number of the carbon chain, that is, the chain length.
Electron transfer through alkyl monolayers follows the tunneling relation: 10, 12, 31, 32 where d is the thickness of the barrier through which the electron transfer takes place, and is the structure-dependent attenuation factor, that is, tunneling coefficient, which can be obtained from the slopes of the log(i) and V relations. was clearly dependent on bias as shown in Figure 4b . Obviously, higher bias led to smaller . The bias-dependent can be interpreted by the Simmons model that considers electron tunneling through a rectangular barrier. 40 The tunneling coefficient, , can be expressed as where m and φ denote electron mass and tunneling barrier height, respectively, with the other symbols having their usual meanings. This model predicts a bias dependence of as proved in this study. However, when the bias is much smaller than the barrier height, bias dependence is not obvious. This has been demonstrated by Lindsay et al. for electron transfer through a series of alkanethiol self-assembled monolayers (SAMs) on gold. 10 In a wide bias range from -3 to 3 V, they did not observe obvious bias dependence of . 10 When the bias is comparable to the barrier height, an obvious bias dependence of is as expected as shown in Figure 4b , where the squares represent values measured from the chain length dependence 
of current at a given bias. Assuming that most of the potential drop occurs within the alkyl monolayer as demonstrated later, the tunneling barrier height, , of 2.56 ( 0.05 eV was obtained by fitting the -V relation with eq 3. The theoretically simulated results using eq 3 are shown by a dotted line in Figure 4b . In addition, at zero bias was found to be 1.48 Å -1 . These values are close to those reported previously. 10, 12, 31, 32 One important question to be answered is why the breakdown takes place only at a force less than 2 nN, while well-behaved I-V curves are observed at greater forces. It is worth considering the role of interfacial resistance of the physical contact between the organic monolayer and the conducting tip. Since only a small force of 5.9 ( 0.3 nN was applied, the deformation of monolayers was rather small. The interfacial resistances can be deduced by extrapolation to zero carbon number as shown in the inset of Figure 4a . The interfacial resistance is 84 ( 15 kΩ, which is comparable to the quantum unit of resistance R Q (h/e 2 ∼ 26 kΩ). A smaller force may lead to a looser physical contact, that is, larger interfacial resistance. Generally, in a double-junction structure, if each junction resistance is much higher than the R Q due to a long electron tunneling distance or a high tunneling barrier, the electron transport occurs in two independent sequential steps with possible occupation on the molecular tunnelling bridge. 41 In our experiments, the resistance of the alkyl monolayers should be greater than 10 10 Ω. In addition, the interfacial resistance of the physical contact at a force less than 2 nN is also much higher than the R Q . Therefore, two-step sequential electron transfer via the organic monolayer and the physical contact was realized. In this case, the electrons may accumulate on the molecular bridge, leading to breakdown. However, when the interfacial resistance is much smaller than the R Q at higher force, the physical contact becomes electrically reliable and can be treated as conductive.
A comparison of the electric behavior of the semiconductormonolayer-metal junction with that of metal-monolayermetal junctions is very instructive in determining the electrontransfer mechanism. For the latter, it is known that the electron transfer can be explained by a single-step electron transfer, that is, simple electron tunneling, mechanism. 10, 12, 31, 32 On the other hand, almost no current was detected in the small bias region for the semiconductor-monolayer-metal junctions (Figure 3a) , and an almost linear relation between log(i) and V was observed at sufficiently high bias (Figure 3b ). This implies that the simple electron tunneling model is not valid for semiconductormonolayer-metal junctions. A modified electron tunneling mechanism should be considered to describe the electron transfer through alkyl monolayers on silicon. This model is schematically illustrated in Figure 5a with the band structure shown in Figure  5b . Two basic steps are involved in this process. First, there is a thermal equilibrium for free electrons between the interface (N e,surf ) and the bulk (N e,bulk ) of silicon. 42 The free electrons at the interface may tunnel through the alkyl monolayers to the metal electrode. The formula for current density based on this model is given by 39 or in a logarithmic format as where A* is the Richardson constant, T is temperature, k is the Boltzmann constant, φ B0 is the Schottky barrier height, and δ (Å) is the thickness of the tunneling barrier, that is, the alkyl monolayer in this case. By replacing the tunneling coefficient, , with eq 3, the current density can be rewritten as or The factor R, in eqs 4 and 5, represents the fraction of the potential drop within the semiconductor side (V s ) over the whole applied bias (V) and is defined as Equations 4 and 5 are valid only for forward bias with V > 3 kT/q, where reverse electron tunneling from the metal to the semiconductor can be neglected. Calculated results using eq 5 with an adjustable pre-exponential factor are also shown in Figure 3a ,b. The simulated current curves in both linear and logarithmic coordinates are in good agreement with the experi- 
mental data points, implying that the model can well explain the electron-transfer behavior under the present experimental conditions. By simulating the experimental data using the modified electron tunneling model, the R values, that is, the fraction of potential drop within the semiconductor, was obtained from the slope of the ln(i x ) and V plot. The averaged R values that show only slight force dependence were 0.09 ( 0.01, 0.10 ( 0.01, 0.10 ( 0.01, and 0.10 ( 0.01 for C12, C14, C16, and C18 monolayers, respectively. All results indicated that most of the potential drop occurred within the insulator, that is, monolayer, and only about 10% of the potential drop occurred within the semiconductor. The R values in the present study were much smaller than those of inorganic metal-insulator-semiconductor (MIS) junctions: for example, 1/2.7-1/3.4 for Al/SiOx/ p-Si(100), 43 ca. 1/1.3 for Ni/Oxide/GaAs, 44 and ca. 1/1.8 for Au/SiOx/n-Si. 39 Very high resistivities of the alkyl monolayers are the main reason for this observation.
Force-Dependent I-V Relations. The force dependence of the I-V curves was studied in detail using the same Pt-coated tip for a C12 monolayer with force loads ranging from 4.4 to 46.2 nN as shown in Figure 6 . A force higher than these values may lead to not only irreversible I-V behaviors but also pattern formation on the surface, which should be the result of the collapse of the monolayer structure as we reported previously 30 and actually can be considered as a basis for AFM-based nanolithography. 45 To avoid the uncertainty in the measurement caused by tip scratching, the current signal was recorded as follows. After the tip had been brought into contact with the sample surface, the tip stress was increased to a certain value and then the current signal was recorded. To record the second I-V curve at a different position, the force was reduced to the minimum value sufficient to maintain the contact, and then the tip was moved to a new position at least 40 nm away, where a desired force load was applied and the bias scan was repeated. In the force region between 4.4 and 46.2 nN, stable and reproducible I-V relations were observed. Under these conditions, the tip was expected to be on the monolayer surface rather than to penetrate the monolayer, because the CSAFM tip radius (<35 nm as given in the manual) was much larger than the sectional area of an alkyl molecule (∼0.24 nm 2 for alkanethiol SAMs on gold 46 ). This has also been proved by high-resolution AFM observation since no obvious change of the monolayer topography was observed after I-V measurements in this force region. Figure 6a clearly shows that the I-V curves shifted positively as force was increased. The force-dependent I-V curve shifts have also been found for alkanethiol SAMs on gold by using interfacial force microscopy 47 and current sensing atomic force microscopy. 31 The only difference is the shape of the I-V curve, which reflects a difference in electron-transfer mechanisms.
Semilogarithmic I-V relations are presented in Figure 6b , which shows log(i) is proportional to the bias even though the slopes are slightly different. At a given bias, -2.5 V for example, the current increases drastically with increase in force, as shown by the squares in Figure 7 . Two main factors may contribute to the stress-induced current increase. First, when the CSAFM tip pushes the soft monolayer, the monolayer is correspondingly deformed, leading to a larger contact area. The contact area can be roughly estimated from the Hertzian model, 48 which describes a spherical tip in contact with an elastic halfspace. However, the Hertzian model neglects the effect from interfacial adhesion, which could be important at relatively small stress. The Johnson-Kendall-Roberts (JKR) model 49 takes into account this effect and is appropriate for predicting the contact area. According to the JKR model, the radius of the contact area, A, can be expressed by where ν is the Poisson number, which is 0.3 for most materials, R is the radius of the CSAFM tip, which is <35 nm according to the manufacturer and is assumed to be 30 nm in this study, E is the elastic modulus, which is 1.0 × 10 10 N m -2 50 for the alkyl monolayers, and F 0 is the adhesive force, which is 11.0 ( 1.9 nN as described before. The evolution of the contact area with the applied force is given by the dashed line in Figure 7 .
Second, the deformation of SAMs under stress may result in a shortened tunneling distance, which may affect the tunneling current according to the exponential tunneling eq 2. 10, 12, 31, 32 The shortest tunneling distance under stress can be simply treated by the Hertzian model 48 as where d and d 0 are the tunneling distance with and without stress, respectively. 51 The evolution of the tunneling distance is shown by the dotted line in Figure 7 . Generally, when the electron flows through a section, the current is proportional to the sectional area. This relation is also consistent with the experimental data in determination of molecular resistance. 11 Thus, the total tunneling current measured by the CSAFM can be expressed as the sum of the current through each contact molecule.
where i 0 is the current through alkyl molecules at distance d 0 . d j represents the compressed vertical distance for each molecule linking the tip and substrate. The minimum value of d j was obtained from eq 8, and the other values were determined by considering the semispherical tip shape with a radius of 30 nm. The number of molecules in contact was calculated by using eq 7 with the molecular area. 46 The current-applied force relation was simulated by eq 9 and is shown by a solid line in Figure 7 . This relation is in good agreement with the experi-mental data. One must note that while the contact area was increased by ca. 5 times, the current was increased by almost 3 orders of magnitude as the force was changed from 4.4 to 46.2 nN. This clearly shows that the variation of the tunneling distance under stress is the dominant factor for the increase in the current. Although the monolayer deformation model may simulate accurately the current increase under stress, it cannot give any insight into the variation of the slopes of the log(i)-V relation shown in Figure 5b . Therefore, other force-induced electron-transfer mechanisms, including the force-induced shift of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the monolayers 47 and the contribution of hole transport, 9, 13 must be involved in this process.
Although the force dependence of the current is shown in Figure 7 for the C12 monolayer on Si(111) at a given bias of -2.5 V, this bias is not very appropriate to compare the force dependencies of the current at a constant bias for all four samples. As shown in Figure 3b , the longer the alkyl chain, the more negative the shift in the I-V curve. To evaluate the forcedependent current response for all samples, the bias at which extrapolation of the log(i) is as small as possible must be selected. A suitable value would be -3.5 V. Figure 8 shows four sets of current response to force stress at -3.5 V, where log(i) can be roughly treated as a linear increase in the force region between 5 and 30 nN. These results imply that the deformation of an alkyl monolayer in a moderate force region is elastic. This agrees with observations using an interfacialforce microscope. 52 The sensitivity of the monolayer structure to the stress can be roughly represented by the slopes in Figure  8 . The slope decreases with an increase in chain length, indicating that the monolayer of longer chain molecules is more robust. This observation agrees well with the results of AFM friction measurements 53 and with the theoretical prediction that shows the stabilization energy of an alkyl monolayer is proportional to the number of CH 2 units. 54
Conclusions
Alkyl monolayers were fabricated directly on a H-terminated Si(111) by thermal addition of alkenes and were investigated in detail by using a CSAFM. The use of a semiconductor electrode in this junction leads to a different electron tunneling mechanism as compared to the junction with a metal electrode. Free electrons at the interface are thought to be in a thermal equilibrium with electrons in the bulk and to tunnel through the alkyl monolayers to the metal electrode. The blockage of electron transfer between the silicon electrode and the Pt-coated AFM tip can be modulated by controlling the monolayer Figure 7 . Force dependence of the current obtained at -2.5 V in Figure  6 . The squares and solid line show experimental data and the simulated result, respectively. The force dependencies of the contact area (dashed line) and tunneling distance (dotted line) are also shown. thickness, that is, the length of the alkyl chain. Further study on the chain length dependence of the tunneling current gave a tunneling coefficient, , which was dependent on bias as predicted by the Simmons electron tunneling model. The I-V relation was found to be sensitive to the applied force, reflecting the fact that the organic monolayer is a soft material. Contact area and tunneling distance were considered to be the main reason for the force dependence of I-V curves. An organic insulating monolayer fabricated directly onto a semiconductor surface has many advantages, for example, a clear interface structure, high packing density, controllable insulator thickness, and high dielectric strength as well as being easy to fabricate and further functionalize; it is therefore a very promising component for future electronic devices.
